Recent research has shown that it is possible to automate the roll bending process by adding a closed-loop controller that continuously measures the springback of the metal workpiece. This means that one-pass forming of arbitrary twodimensional workpiece shapes is now possible, subject to limitations of the physical apparatus and the controller.
include the unique nonlinearities of the roll bonding system and also reflect the differences in bending applications such as beanding and straightening.
The process models are the basis for control analysis and design. An experimental roll bending apparatus is used to evaluate the system models and verify the control design. The experimental results show that very good system response is possible using a simple controller. The results also illustrate the main limitation imposed on system response which is due to vibration of the workpiece.
The three-roll pyrmid roll bender shown in Figure 1 is a typical configuration that consists of a pair of fixed outer rolls and a movable center roll. One or sore of the rolls is driven, and friction between the rolls and the workpiece permits the material to be rolled through the machine.
As the workpiece moves, the position of the center roll is adjusted to produce a variable bend along the length of the workpiece. This process can be used to form large flat work-pieces, such as metal plate used in boilers, or long thin workpieces such as aluminum extrusions.
In the aluminus industry roll boading is used for straightening and contour correction of extrusions as well as for forming. This operation is normally controlled manually and the accuracy of the final product shape is dependent on the skill of the operator.
The major obstacle proventing automation of roll bending has been material springback. In roll bending, the metal workpiece is plastically deformed as the workpiece moves through the machine.
As the workpiece exits the bending ar paratus the elastic stresses in the metal are relaxed and the metal "springs back".
Thus the metal does not obtain its final shape until the workpiece has exited the machino.
A method of measuring the springback while the workpiece is still loaded was presentod by Iardt, Roberts, and Stelson [13. Hale and Kardt (21, and Lee and Stelson [33 have extended the approach in (11 to include the roll straightening process and have conducted experiments that show that with a closedloop controller, straightening is nothing more than bending to zero curvature. The control scheme presented in El] works well in the static or quasistatic case but the productivity gaits possible with this closed-loop curvature controller are limited by the assumption that workpiece feedrate will be very slow. This assumption was necessary to avoid unwanted oscillation and instability. In (1] and (21 the feodrates are kept below 0.7 in/sec. In (31 the workpiece was actually stepped through the bending device and the forming was performed while the workpiece was stationary.
In order to increase the feedrate and exploit the inherent speed avdantages of the roll bending process it is necessary to redesign the controller. The system models necessary for control system design are presented below along with an experimental evaluation of a proposed controller.
DYNNIC ZANLYSIS AS S
The closed-loop curvature control scheme for the roll bending process is based on real-time measurement of the material springback. As the workpiece is driven through the bending apparatus the beanding moment applied to the workpiece increases from zero at the input roll to a maximu at the center-roll contact point and then decreases to zero at the output roll. This loading sequence for a single point on the workpiece can be traced on the mosent-curvature diagram ( Figure 2 ) and on the machine diagram (Figure 1 ). At the input roll the workpiece has zero moment and, assuming an initially flat workpiece, zero curvature (Point A). The soment and curvature increase and the workpiece deforms elastically until the yield point is reached (Point B). As the moment increases from Point B to a maximum at Point C the workpiece deforms plastically. The nosent and curvature decrease linearly as the workpiece moves from maximum loading (Point C) to the output roll (Point D) where the moment is again zero but the curvature is not because the workpiece has been plastically deformed. The slope of the unloading line in Figure Figure 3 was demonstrated but system response was very slow and bordered on instability. The system models proposed below provide the basis for a sore coWlete controller design. Although the system dynamics for any specific roll bending system will depend on the particular configuration and hardware under consideration, analysis of the bending process reveals five system components that are likely to contribute significantly to the system dynamics of any roll bending apparatus. These five components are the workpiece, the servo system, measurements and filters, disturbances, and the system controller. The feasibility of closed-loop control of the roll bending operation has been demonstrated using rudimentary control. The purpose of the control analysis and experiments described here is to deteraine the ultimate limits of the roll beading systoe response and the practical factors unique to the roll bending process that limit the response.
The control objective is to determine what control scheme or schemes can be used to attain this ultimate response. To compare the various control schemes, the following control criteria will be used to evaluate system response: stability, steady-state error, bandwidth, and disturbance rejection.
Control Analysis
The break frequency of the filters is very large compared with the bred frequency of the position or velocity servo so the filter dynamics are negligible compared with the servo dynamics.
All of the following control analysis and design is done under the assumption of nogligible filter dynamics.
The only nonlinearity in the component models derived above is in the workpiece model. The workpiece model in Figure 8 does contain a free integrator which means that the system based on a velocity servo has the required zero steady-state error. A free integrator could be included in the controllor of the position-servo based system, but this degrades system response and decreases the relative stability of the system. A roll bending system based on a velocity servo a"ears to have many advantages over the position-servo based system. It has good inherent steady-state error and stability properties.
For these reasons, the roll bending system based on a position servo will be discarded at this point and the oontrol analysis will be continued for the velocity-servo based system only.
If the velocity servo bandwidth is largo enough, it might be possible to achieve an acceptable roll bending systes bandwidth using a simple proportional controller at very low gains. Better system response could be attained by adding a zero to the system and drawing the poles to a positlon of higher bandwidth and Sreater stability as shown in Figure 9 . A zero can be added to the system eiher by including it in the controller or by feod-14. Measuring the rate-of-change of the output is a more attractive method because it is less affected by noise and also because the transient response has less overshoot for similar systems.
For the roll bending system the output is unloaded curvature, which is measured as detailed earlier.
The Figure 11 the zero location has beoe moved to the left of both poles as show in Figure 9 . Figure 9 . The control scheme as described is quite attractive because with proper placement of the zero the system will have very good stability robustness, zero steady-state error, high bandwidth, and good disturbance rejection. Also, a wide range of second-order system responses is possible by maipulation of the gain and the zero location.
The roll bending system described above was si0mlated usiag a fourth-order huge-Kutta integration technique to model the continuous system. The discrete controller used to implement the control action derived above is:
where U is the controller output, Gl is the controller gsain, G2 is used to determine the location of the zero, and K is given by Equation 10. The Load the workpiece in the bnding. ar parstus and start the control progrm.
-Measure the bending stiffness of the workpiece.
-Turn on the center-roll drive motor to feed the workpiece through the beading apparatus.
-Begis real-time control of the unloaded carvature using the control algorithm developed above. For all the tests skown the workpiece foedrate is 13 in/sec and the loaded curvature is calculated from Equation 3 using center-roll displacement. Figure 12 shows tke results of the first experiment. The controller parameters listed on the plot are the same as for the simulation shown in Figure 10 .
The results correspond very well with the simulation. The controller gain was increased for the secoad test and the results, shown in Figure 13, Figure 14 . In Figure 15, Figure 14 so the workpiece has an initial curvature. After the forming test, the workpiece was roinserted iato the bending apparatus and the disturbance exporismet was r using a neo command for unloaded curvature.
Tke oontroller parameters used were tho same as in tho forming test. The test shows that the nloaded curvature initially decreases even thousg the system is moving to reject the disturbanes bocasse the system still must move through the deadband region. In Figure 16 the workpiece reackes the yield point at about 0.4 sec and the system settles to zero ateady-state error in 1.0 sec. Notice that this response appears mck cleaner than the response show in Figure 14 . This is because the disturhance input is much smoother than the stop coaind. 
